Wilms' tumor (WT), one of the most common pediatric solid cancers, arises in the developing kidney as a result of genetic and epigenetic changes that lead to the abnormal proliferation and differentiation of the metanephric blastema. As activation of signal transducers and activators of transcription (STATs) plays an important role in the maintenance/growth and differentiation of the metanephric blastema, and constitutively activated STATs facilitate neoplastic behaviors of a variety of cancers, we hypothesized that dysregulation of STAT signaling may also contribute to WT pathogenesis. Accordingly, we evaluated STAT phosphorylation patterns in tumors and found that STAT1 was constitutively phosphorylated on serine 727 (S727) in 19 of 21 primary WT samples and two WT cell lines. An inactivating mutation of S727 to alanine reduced colony formation of WT cells in soft agar by more than 80% and induced apoptosis under conditions of growth stress. S727-phosphorylated STAT1 provided apoptotic resistance for WT cells via upregulation of expression of the heat-shock protein (HSP)27 and antiapoptotic protein myeloid cell leukemia (MCL)-1. The kinase responsible for STAT1 S727 phosphorylation in WT cells was identified based upon the use of selective inhibitors as protein kinase CK2, not p38, MAP-kinase kinase (MEK)1/2, phosphatidylinositol 3 0 -kinase, protein kinase C or Ca/calmodulindependent protein kinase II (CaMKII). The inhibition of CK2 blocked the anchorage-independent growth of WT cells and induced apoptosis under conditions of growth stress. Our findings suggest that serine-phosphorylated STAT1, as a downstream target of protein kinase CK2, plays a critical role in the pathogenesis of WT and possibly other neoplasms with similar STAT1 phosphorylation patterns.
Introduction
The signal transducer and activator of transcription (STAT) proteins play a variety of roles in normal physiological cell processes, such as differentiation, proliferation, apoptosis and angiogenesis (Bromberg and Chen, 2001) . STAT proteins become transiently phosphorylated at a conserved tyrosine on the Cterminus in response to several growth factors, for example, epidermal growth factor and platelet-derived growth factor, and cytokines, for example, members of the interkeukin-6 and interferon (IFN) family (Ihle, 2001 ). This facilitates dimerization and translocation to the nucleus, where STATs interact with proteins of the transcription machinery and with DNA to activate gene transcription. Until recently, tyrosine phosphorylation of STATs was believed to be necessary and sufficient for transcriptional activation. However, studies now suggest that phosphorylation at specific serine/threonine residues is also required for maximal transcriptional activation by cytokines and is possibly mediated by extracellular signal-regulated kinases (ERKs) or H7-sensitive kinase (Decker and Kovarik, 2000) . In untransformed cells, activation of STAT proteins is transient and under tight control, whereas aberrant constitutive activation of STAT signaling is associated with uncontrolled growth, invasiveness and angiogenesis, and is frequently observed in cancers (Bromberg, 2002) .
Wilms' tumor (WT), or nephroblastoma, afflicts one in 10 000 children and arises in undifferentiated metanephric mesenchyme as a result of, as yet, undefined genetic and epigenetic changes that perturb differentiation of the metanephric blastema (Ruteshouser and Huff, 2004) , yielding variable percentages of blastemal, epithelial and stromal elements. WT is thought to have a strong genetic component to its etiology -the first WT gene, WT1, a second WT locus, WT2, and two familial WT loci, FWT1 and FWT2, were found to contribute to Wilms' tumorigenesis (Dome and Coppes, 2002) . However, WT1 is mutated in only 1-2% of familial tumors, and can be excluded as the predisposing gene in most WT families. FWT1 and FWT2 loci also lack linkage in some WT families what implies the existence of at least one additional familial WT locus or an epigenetic etiology (Ruteshouser and Huff, 2004) . Only 10-15% sporadic tumors, accounting for 98% of all cases, carry mutations in WT1 and/or the b-catenin gene (Gessler et al., 1994; Koesters et al., 1999; Maiti et al., 2000) . Thus, the genetics of WT development are complex and still unclear.
In this study, we have sought to identify signaling defects that prevent normal differentiation of the metanephric blastema. Leukemia inhibitory factor and the associated transient activation of STAT proteins has been implicated in inducing conversion of metanephric mesenchyme/blastema to podocytes and epithelial tubules of the nephron (Barasch et al., 1999; Plisov et al., 2001) . We, therefore, hypothesized that abnormal constitutive activation of STATs in metanephric mesenchyme may lead to the deregulation of the differentiation program, resulting in renal tumorigenesis. Here we report that STAT1 is constitutively phosphorylated on serine 727 (S727), but not on tyrosine 701 in WTs. Furthermore, we demonstrate that S727-phosphorylated STAT1 promotes the neoplastic behavior of WT cells. These findings describe a novel mechanism in WT pathogenesis and provide new targets for the treatment of WT.
Results

STAT1 is constitutively phosphorylated on S727 in WTs
To determine if STAT proteins are constitutively activated in WTs, we examined the phosphorylation status of STAT1, STAT3 and STAT5 in WT cells. WTs with favorable or anaplastic pathology and normal tissue from WT-bearing kidneys lacked constitutive tyrosine phosphorylation of STAT1, STAT3 and STAT5 (Table 1) . STAT3 was phosphorylated on S727 only in normal tissue but not in WTs (Table 1) . In contrast, STAT1 was constitutively phosphorylated on S727 in 19 of 21 tumors and only in one of eight normal tissues (Table 1, Figure 1 ). Constitutive S727 phosphorylation of STAT1 was detected in SK-NEP-1 and WiT49 cells, which are both derived from WTs, and in human embryonic kidney cell line HEK293, an adenovirus-transformed line from human metanephric mesenchyme (Figure 1 ). Interestingly, STAT1 is phosphorylated on S727, but not tyrosine 701, in embryonic but not adult rat kidney (Table 1) , suggesting it functions in normal metanephric growth, perhaps ensuring survival of tissue progenitors. Phosphorylation of STAT1 on S727 in most WT samples suggests that this modification may be important in the pathogenesis of this disease.
Loss of STAT1 serine phosphorylation blocks anchorageindependent growth of SK-NEP-1 cells Anchorage-independent growth is a hallmark of cell transformation. To examine the potential role of serinephosphorylated STAT1 on this behavior, SK-NEP-1 tumor cells were stably transfected with enhanced green fluorescent protein (eGFP)-(STAT1-wt) (wild-type), eGFP-(STAT1-S727A), eGFP-(STAT1-Y701F), eGFP-(STAT1-S727E) or eGFP and suspended in soft agar. The dominant-negative mutant eGFP-(STAT1-S727A) caused a 60% reduction in the number of colonies as compared to eGFP, eGFP-(STAT1-wt), eGFP-(STAT1-Y701F) or eGFP-(STAT1-S727E) mutants (Figure 2b ). Comparable results were obtained using transiently transfected cells with pcDNA4.1 vectors expressing STAT1-wt, STAT1-Y701F, STAT1-S727A, STAT1-S727E or LacZ. In these experiments, the dominantnegative mutant STAT1-S727A reduced colony numbers by more than 80%, whereas the constitutively active mutant STAT1-S727E increased colony numbers by 20-25% and STAT1-Y701F, STAT1-wt and LacZ had no effect (Figure 2a and b) . To further analyze the role of serine-phosphorylated STAT1 on the tumorigenic phenotype of WT cells, we used RNA interference (RNAi) to 'knockdown' the level of endogenous STAT1. SK-NEP-1 cells were transfected with a vector, expressing short hairpin RNA (shRNA) against STAT1 Figure 1 STAT1 is constitutively phosphorylated on S727 in WT cells. Western blots were performed with antibodies against serinephosphorylated (pS727) STAT1 using whole-cell extracts from WTs with favorable histology, or normal kidney from WT-bearing patients, or from different cell lines. All blots were re-probed with antibodies against total STAT1. The levels of serine-phosphorylated STAT1 also decreased ( Figure 2d ). The expression of STAT1 shRNA inhibited anchorage-independent growth of SK-NEP-1 cells by more than 50% compared to control vector ( Figure 2c) . These results clearly demonstrate that serine-phosphorylated STAT1 facilitates the anchorage-independent growth of WT cells and thus may contribute to their tumorigenic behavior.
Serine-phosphorylated STAT1 enhances survival of WT cells under conditions of growth stress To understand the basis for the effect of serinephosphorylated STAT1 on anchorage-independent growth, we evaluated the proliferation and cell death rates in SK-NEP-1 transfected with the various STAT1 mutants. No differences in rates of proliferation or apoptosis were discernible in monolayer cultures. As growth in soft agar represents a form of stress, where cells are growing under conditions of nutritional deprivation and hypoxia, we reasoned that serinephosphorylation may only be relevant under conditions of growth stress. Accordingly, SK-NEP-1 cells transfected with eGFP-(STAT1-wt) and eGFP-(STAT1-S727A) were incubated in medium with low serum (0.5% fetal bovine serum (FBS)) to imitate nutritional deprivation and/or deferoxamine (DFO) to simulate hypoxia (Bianchi et al., 1999) . For each stress or combination of stress, cells transfected with eGFP-(STAT1-S727A) were significantly more sensitive to apoptosis (Figure 3 ), suggesting that serine phosphorylation provides resistance to apoptosis. These results suggest a prosurvival function for constitutively phosphorylated STAT1 in WT cells and that the reduction in STAT1 is a prosurvival factor in Wilms' tumor OA Timofeeva et al soft agar cloning efficiency caused by eGFP-(STAT1-S727A) may be a consequence of increased cell death under conditions of hypoxia and nutritional stress.
Serine-phosphorylated STAT1 promotes survival through the regulation of MCL-1 and HSP27 expression To identify possible transcriptional targets of serinephosphorylated STAT1 signaling, wild-type-or mutanttransfected cells were analyzed by microarray under conditions of growth stress. Genes, which were significantly down-or upregulated by eGFP-(STAT1-S727A) compared to eGFP-(STAT1-wt), are listed in Supplementary Table 1 . Two prosurvival genes, BCL-2 family member myeloid cell leukemia (MCL)-1 and the stress-induced molecular chaperone heat-shock protein (HSP27), were downregulated after treatment with DFO and low serum in cells expressing eGFP-(STAT1-S727A). Expression of corresponding proteins was also reduced as confirmed by Western blot analysis (Figure 4a ). To evaluate the ability of these genes to promote survival of SK-NEP-1 cells, RNAi specific to MCL-1 or HSP27 or control RNAi for BCL-2, HSP60 or a scrambled RNAi duplex were used. The downregulation of MCL-1 or HSP27 led to apoptosis as measured by poly-(ADP-ribose) polymerase (PARP) cleavage (Figure 4b ). Downregulation of HSP60 or BCL-2 showed a minimal, if any, effect on PARP cleavage over the same time period (data not shown). Furthermore, knockdown of STAT1 not only induced apoptosis but also caused decreased expression of MCL-1 and HSP27 (Figure 4c) .
Finally, primary WTs show elevated expression of MCL-1, although the level of HSP27 was similar in tumors and normal tissues ( Figure 5 ). All these observations suggest that serine-phosphorylated STAT1 upregulates MCL-1 expression in WT cells to enhance their survivability.
Protein kinase CK2 mediates STAT1 phosphorylation on S727 in WT cells To identify the serine kinase(s) responsible for S727 phosphorylation of STAT1 and understand the mechanism for its constitutive activation in WTs, we used a panel of specific serine kinase inhibitors. None of the kinases previously implicated in STAT1 serine phosphorylation, such as extracellular signal-regulated kinase ERK1/2, p38, phosphatidylinositol 3 0 -kinase (PI3K), Ca/calmodulin-dependent protein kinase II (CaMKII) and protein kinase C (PKC), were responsible for phosphorylation in WT cells (data partially shown in Figure 6a ). An analysis of the STAT1 amino- STAT1 is a prosurvival factor in Wilms' tumor OA Timofeeva et al acid sequence using Generunner software identified a protein kinase CK2 motif at S727. To determine if CK2 can phosphorylate S727 of STAT1, we employed two selective inhibitors, apigenin and 4,5,6,7-tetrabromo-2-azabenzamidazole (TBB). Both inhibitors suppressed S727 phosphorylation of STAT1 in SK-NEP-1, HEK293 and WiT49 cells (Figure 6b and c). These results demonstrate that CK2 causes STAT1 serine phosphorylation and identify STAT1 as a new target of CK2 signaling.
Protein kinase CK2 is responsible for survival of WT cells under conditions of growth stress If protein kinase CK2 is responsible for the oncogenic activation of STAT1 in WT cells, then apigenin or TBB should inhibit anchorage-independent growth.
Both TBB and apigenin inhibited colony formation and growth of SK-NEP-1 cells in soft agar in a dosedependent manner (Figure 7a ). To study the role of CK2 in the survival of WT cells, we treated SK-NEP-1 cells with TBB in the presence of low serum or DFO. MTT assay showed that under conditions of growth stress TBB decreased cell survival (data not shown) and also downregulated MCL-1 (Figure 7b ). In all cases, when MCL-1 was decreased, enhanced PARP cleavage was observed. The expression level of HSP27 was downregulated by TBB in low serum and DFO (Figure 7b ). These data suggest that CK2 is an essential factor in providing apoptotic resistance for WT cells under conditions of growth stress. To determine if CK2 level is elevated in primary tumors, we evaluated the expression of CK2a and CK2b subunits. Although the CK2a expression levels were similar between normal and tumor samples (data not shown), high levels of CK2b were observed in blastemal tumor cells relative to normal tissue by immunohistohemistry (Figure 8a and b) and by Western blotting (Figure 8c) . It has been shown previously that overexpression of CK2b subunit increases activity of the enzyme (Heller-Harrison and Czech, 1991) . Moreover, the activity of CK2 and expression of CK2b were found to be upregulated in kidney tumors (Stalter et al., 1994) . We propose that protein kinase CK2 activity is dysregulated in Wilms' tumorigenesis and that its 
Discussion
The role of STAT1 in tumorigenesis is complex and controversial. On the one hand, it has been shown to 
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OA Timofeeva et al suppress oncogenesis and metastatic growth (Bowman et al., 2000; Danial and Rothman, 2000; Huang et al., 2002) , and STAT1 deficiency has been found in some tumors (Abril et al., 1998; Sun et al., 1998; Pansky et al., 2000) . Although Stat1-deficient mice do not display a heightened incidence of spontaneous neoplasms, they are more sensitive to chemical induction of tumors (Kaplan et al., 1998; Levy and Gilliland, 2000) . However, STAT1 expression is frequently upregulated in tumors (Frank et al., 1997; Spiekermann et al., 2001; Widschwendter et al., 2002; Benekli et al., 2003; Hudelist et al., 2005) and associated with prosurvival functions under conditions of growth stress, such as X-irradiation (Khodarev et al., 2004) , or anticancer therapy (Friedberg et al., 2004; Roberts et al., 2005) . Even ectopic expression of IFNg can support tumor development via STAT1 activation (Wang et al., 2000; Lin et al., 2004) . Taken together, these data suggest that STAT1 activity is complex and probably context dependent and that STAT1 may indeed function in an oncogenic capacity.
In the present study, we found that STAT1 is constitutively phosphorylated on serine in WT cells (Table 1) . S727 STAT1 constitutive phosphorylation was previously found in B-CLL, and authors suggested that it might affect cell survival and/or proliferation (Frank et al., 1997) . Here we showed that S727-phosphorylated STAT1 promotes anchorage-independent growth of WT cells (Figure 2) , probably by increasing cell survival under conditions of growth stress, such as hypoxia and starvation (Figure 3) . Potential proapoptotic and significant prosurvival effects of STAT1 have been described previously (Shen et al., 2001; Stephanou and Latchman, 2003; Terui et al., 2004) . Both effects were attributed to the ability of STAT1 to activate expression of either proapoptotic (Kumar et al., 1997; Stephanou et al., 2000 Stephanou et al., , 2001 or prosurvival proteins (Stephanou et al., 1999; Madamanchi et al., 2001; Terui et al., 2004) . We found here that in WT cells serine-phosphorylated STAT1 promotes cell survival through the regulation of expression of two known prosurvival genes, MCL-1 and HSP27 (Kabakov et al., 2003; Michels et al., 2005) .
MCL-1, a BCL-2 family protein, promotes survival by preventing the release of cytochrome c from mitochondria (Packham and Stevenson, 2005) . It is a short-lived highly regulated protein, induced by a wide range of survival signals and rapidly downregulated during apoptosis. It has been shown that knockdown of MCL-1 in highly metastatic cells increased sensitivity to hypoxia-induced apoptosis and decreased metastatic ability (Koshikawa et al., 2006) . MCL-1 was downregulated in WT cells under hypoxic conditions when serine-phosphorylated STAT1 was decreased, and knockdown of MCL-1-induced apoptosis in WT cells. Moreover, MCL-1 is overexpressed in primary WT tumors. These observations suggest that serine-phosphorylated STAT1 can maintain expression of MCL-1 in WTs, thus providing survival preference to tumor cells under stress conditions. HSP27 was also significantly downregulated under stress conditions by the dominant-negative STAT1 mutant. It has been shown to prevent caspase-dependent cell death triggered by various stress stimuli by sequestering cytochrome c released from the mitochondria . The knockdown of HSP27 induced apoptosis in WT cells. Overexpression of HSP27 has been detected in many different types of tumors, including renal carcinomas (Sarto et al., 2004) , but it was not elevated in WTs. Further evaluation is required to determine if posttranslational modifications of HSP27, such as phosphorylation or S-thiolation, which regulate protein function (Sarto et al., 2004) , account for the difference.
Interestingly, microarray analysis revealed that dominant-negative STAT1 mutant downregulates the expression of genes directly linked to tumorigenesis, like cyclin D2, which is upregulated in 80% of WTs (Rigolet et al., 2001 ), or thymosin b10, H-ras, cyclin-dependent kinase 10, which promote tumorigenesis in other organs (Santelli et al., 1999; Cox and Der, 2002; Nishiu et al., 2002) , and genes that are involved in growth of the embryonic kidney, for example, Cux-1 (Vanden Heuvel et al., 1996) . We observed serine-phosphorylated STAT1 in the developing rat kidney, and it may have a role in kidney development, for example, to promote progenitor cell survival before tissue vascularization. Although STAT1-deficient mice or mice expressing constitutively inactive STAT1-S727A mutant do not have a kidney phenotype (Kaplan et al., 1998; Varinou et al., 2003) , probably because activated STAT3 can replace STAT1 to drive the transcription of certain genes (Qing and Stark, 2004) , it may be more revealing to evaluate the renal response to overexpression of constitutively active STAT1 during metanephric differentiation or carcinogenesis.
Previous findings indicated that S727 phosphorylated STAT1 acts as an integrator of signals from multiple pathways, resulting in chromatin remodeling and gene activation (Zhang et al., 1998; Ouchi et al., 2000; Kovarik et al., 2001) . Therefore, it is conceivable that serine-phosphorylated STAT1 functions as a transcriptional co-activator interacting with other DNA-bound proteins, and its role in cellular processes can be different depending on other proteins expressed and/or activated under the same conditions in cells. In this case, the role of the protein kinase activating STAT1 on serine becomes critical. Previously different kinases were implicated in S727 STAT1 phosphorylation, including p38 kinase in response to lipopolysaccharide or ultraviolet (UV); p38 kinase, ERKs, c-Jun NH 2 -terminal kinases (JNKs), PI3K, 3-phosphoinositide-dependent protein kinase I (PDK1) and p90 ribosomal S6 kinase (p90RSK2) in the cellular response to UVB; p38 kinase, JNK, PKCd, CaMKII in response to INFg (Kovarik et al., 1999; Nair et al., 2002; Xu et al., 2005; Zykova et al., 2005) ; and PKC in B-CCL patients (Frank et al., 1997) . In this report, for the first time, we provide evidence that CK2 is involved in STAT1 phosphorylation. Using a specific inhibitor of CK2, TBB, which selectively inhibits this enzyme among a panel of 33 other kinases (Sarno et al., 2001 (Sarno et al., , 2002 , we inhibited serine phosphorylation of STAT1 in WT cells concomitantly with anchorage-independent growth (Figures 6b  and 7a ). We propose that STAT1 in WT functions as part of a CK2 signaling pathway behaving as a prosurvival factor possibly through interactions with other targets of CK2.
CK2 is a ubiquitous and highly conserved serine/ threonine kinase essential for cell survival and proliferation (Unger et al., 2004) . In normal cells, the level of CK2 is tightly regulated, however, in many different cancers, it is elevated, and our findings suggest its activity is increased in WT as well (Figure 8 ). If that is the case, the inhibition of CK2 in WTs may offer an opportunity to re-regulate these cells. This seems rather attractive, as disruption of CK2 by treatment of cells with antisense CK2 or selective inhibitors induced apoptosis (Wang et al., 2005; Zien et al., 2005) , and, as we show here, selective inhibitors of CK2 also induce apoptosis in WT cells under conditions of growth stress ( Figure 7 ). Considering that CK2 activates Wnt signaling (Seldin et al., 2005) and the SIX proteins (Ford et al., 2000; Yu et al., 2004) , which are both important for kidney development and tumorigenesis, the role of CK2 in WT development should receive further attention.
In conclusion, our results have demonstrated that constitutively serine-phosphorylated STAT1 can contribute to Wilms' tumorigenesis through dysregulation of genes important for the proper growth and differentiation of metanephric blastemal cells. We propose that protein kinase CK2 activity in blastemal cells causes this phosphorylation, which in turn activates expression of MCL-1, providing WT cells with a growth/survival advantage. Although further studies are required to determine the precise mechanisms of STAT1 activation by protein kinase CK2 or induction of MCL-1 expression by STAT1, this work identifies CK2 kinase, MCL-1 and serine-phosphorylated STAT1 as important factors and potential drug targets in WT pathogenesis.
Materials and methods
Reagents
Chemical inhibitors wortmannin, LY2940002, PD98059, U0126, SB203580 and H7 were from Calbiochem (San Diego, CA, USA), apigenin was from Sigma (St Louis, MO, USA) and TBB was a gift from Dr D Shugar (Institute of Biochemistry and Biophysics, Polish Academy of Sciences, Warsaw, Poland). Anti-STAT1 and anti-phospho-serine STAT1 antibodies were from Upstate (Charlottesville, VA, USA); anti-phospho-tyrosine STAT1, anti-phospho-tyrosine STAT3, anti-phospho-serine STAT3, anti-STAT3, anti-phospho-tyrosine STAT5 and anti-STAT5 antibodies were from Cell Signaling Technology (Danvers, MA, USA); anti-MCL-1 and anti-BCL-2 antibodies were from Santa Cruz Biotechnology (Santa Cruz, CA, USA); and anti-HSP27, anti-HSP60, anti-CKIIa, anti-CKIIb and b-ACTIN antibodies from Abcam (Cambridge, MA, USA).
Vectors
The STAT1 full-size coding region was amplified using total cDNA from SK-NEP-1 cells and cloned into a pCRII-TOPO TA vector (Invitrogen, Carlsbad, CA, USA). Individual STAT1 mutants were generated using a QuikChange mutagenesis kit (Stratagene, La Jolla, CA, USA) and subcloned into pEGFP-C1 (Clontech, Mountain View, CA, USA) and pcDNA4/HisMax (Invitrogen, Carlsbad, CA, USA) vectors.
Cell lines and tissue
Tumor samples and normal kidneys were obtained from the Children's Oncology Group (COG) Renal Tumor Biological Samples Bank via the Cooperative Human Tissue Network (CHTN). The SK-NEP-1 and HEK293 cell lines were from American Type Culture Collection (ATCC). The WiT49 cell line was a gift from Dr H Yeger (Hospital for Sick Children, Toronto, Canada). SK-NEP-1 cells were transiently transfected with pcDNA4.1-based vectors expressing LacZ, STAT1-wt, STAT1-S727A, STAT1-S727E or STAT1-Y701F; GenEclipse STAT1 shRNA or GenEclipse control vector was from Chemicon International (Temecula, CA, USA). SK-NEP-1 cells stably transfected with vectors expressing eGFP, eGFP-(STAT1-wt), eGFP-(STAT1-Y701F), eGFP-(STAT1-S727A) and eGFP-(STAT1-S727E) were sorted by eGFP intensity at 488 nm laser emission using a Becton Dickinson FACS DiVa (BD Biosciences, San Jose, CA, USA) with a 530/28 optical filter.
Western blot analysis SK-NEP-1 cells or human tissue samples were homogenized in lysis buffer (20 mM Tris-HCl, pH 7.5, 1 mM ethylenediaminetetraacetic acid, 100 mM NaCl, 1% NP-40, 1% Triton X-100), containing protease inhibitor cocktail (Roche Applied Science, Indianapolis, IN, USA), 1 mM NaVaO 4 and 1 mM NaF. Protein extract (50 mg) was loaded into 10% sodium dodecylsulfate-polyacrylamide gel electrophoresis gels. Following electrophoresis, proteins were transferred to polyvinylidene difluoride membranes and blotted with antibodies of interest.
Soft agar assay SK-NEP-1 cells, stably or transiently transfected (3 Â 10 4 or 6 Â 10 4 per plate, respectively) were resuspended in medium containing 0.3% low-melting agarose and layered on top of a solidified 0.6% agarose bottom layer in 60-mm tissue culture plates in triplicate. In other experiments, SK-NEP-1 cells (3 Â 10 4 per plate) were plated in soft agar, containing dimethyl sulfoxide (DMSO) or different concentrations of apigenin or TBB. After 2 weeks of incubation, the colonies were stained with P-iodonitrotetrazolium violet, and colonies were counted using ColoniCounting LabWork software (UVP Laboratory Products). Experiments were repeated at least three times.
Cell survival assay under serum depletion and hypoxic conditions SK-NEP-1 cell were grown in normal medium to 60-70% confluence, then incubated in 0.5% FBS medium and/or treated with 0.1 mM DFO (Sigma, St Louis, MO, USA) to mimic hypoxia for different times (Bianchi et al., 1999) . The percentage of cells undergoing early stages of apoptosis were identified with an annexin V-phycoerythrin-conjugated apoptosis detection kit (BD Bioscience) (Koopman et al., 1994) according to the manufacturer's protocol, using a Becton Dickinson FACS Calibur system. The results were quantified from three independent experiments using WinMDI software (http://facs.scripps.edu/software.html).
RNA preparation and microarray analysis SK-NEP-1 cells transfected with eGFP-(STAT1-wt) or eGFP-(STAT1-S727A) were grown in the presence of 0.5% FBS and 0.1 mM DFO for 20 h. Total RNA was extracted using an RNeasy kit (Qiagen, Valencia, CA, USA). Synthesis of cDNA and labeled cRNA, hybridizations to the human 133A chips and measurement of hybridization intensities were carried out according to manufacturer's protocols (Affymetrix Inc., San Diego, CA, USA). The hybridization was performed twice for each sample. Data were analyzed using Data Mining Tool software (Affymetrix Inc., San Diego, CA, USA).
Treatment of cells with inhibitors of serine/threonine kinases SK-NEP-1 cells were incubated for 30 or 60 min with or without specific protein kinase inhibitors, including wortmannin (100 nM), LY2940002 (50 mM), PD98059 (20 mM), U0126 (20 mM), SB203580 (20 mM), KN63 (50 mM), H7 (50 mM), apigenin and TBB (10-50 mM).
RNA interference
Short interfering RNA (siRNA) duplexes specific for human MCL-1, HSP27, HSP60 and BCL-2 were from Santa Cruz Biotechnology Inc. (Santa Cruz, CA, USA), a negative control for siRNA was from Ambion (Austin, TX, USA). SK-NEP-1 cells were transfected with 10 nM of siRNA using 4 ml of TransIT-TKO (Mirus, Madison, WI, USA). Protein lysates were prepared 2, 4 and 24 h after transfection. Protein lysates from cells transfected with STAT1 shRNA or control vector were prepared 24, 48 and 72 h after transfection.
